Meiosis creates haploid cells from diploid progenitors. Homologous chromosomes are moved, paired and segregated from each other in a specialized meiosis I division. A second division that lacks a preceding S-phase produces haploid cells. In prophase I, chromosomes attach with their telomeres to the nuclear envelope and undergo oscillating movements that become restricted to a limited nuclear sector during the widely conserved bouquet stage. Recent observations in budding yeast meiosis suggest that telomere clustering depends on actin, whereas exit from the bouquet stage requires meiotic cohesin. Telomere clustering may also be modulated by progression in recombination. These observations suggest that the unique meiotic nuclear topology and telomere dynamics are regulated at different levels.
Chromosome behaviour during prophase I
Meiosis is central to sexual reproduction and has evolved to compensate for the genome doubling that occurs at fertilization and to instigate genetic diversity among the offspring. When cells have passed premeiotic DNA replication, they enter prophase I and chromosomes assemble protein cores along their length [AEs (axial elements)]. These continue to grow during the leptotene stage and are made of specific cohesin, condensin and AE-specific proteins [1] . AEs become connected by transverse filament proteins during zygonema, giving rise to tripartite SC (synaptonemal complex) that encompasses homologous chromosome pairs in pachynema and is thought to regulate crossing over. The SC disassembles during diplonema and, as chromosomes condense, sites of crossing over become visible as chiasmata that tether homologues together and allow their segregation during meiosis I. The subsequent meiosis II division, which occurs without a preceding round of DNA replication, dissolves centromere cohesion and segregates sister chromatids, leading to haploid DNA content of gametes and spores [2, 3] .
After initiation of prophase I, telomeres reposition to the NE (nuclear envelope) to which they attach with the wide end of a conical thickening of the AE end during leptonema [4] , a feature that is widely conserved among sexually reproducing eukaryotes [5, 6] . Once attached, meiotic telomeres move along the NE to transiently cluster adjacent to the MTOC [MT (microtubule)-organizing centre)] of animals and fungi ( Figure 1A) . In plants, which lack a localized MTOC, telomere clustering occurs at the MT-poor cell cortex ( Figure 1B ) [7] . Extensive repositioning of nuclear pores Key words: actin, bouquet, microtubule, synaptic meiosis, telomere, yeast.
Abbreviations used: AE, axial element; ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia-related; DSB, double-strand break; GFP, green fluorescent protein; LatB, Latrunculin B; MT, microtubule; MTOC, MT-organizing centre; NE, nuclear envelope; SC, synaptonemal complex; SPB, spindle pole body. indicates a great fluidity of the NE of prophase I cells [7, 8] , which probably facilitates the nuclear and chromatin mobility that has been observed in live prophase I meiocytes of species with synaptic meiosis, such as insects and budding yeast [9] [10] [11] [12] . In the asynaptic meiosis of fission yeast, nuclear movements occur during most of prophase I [13] .
MTs and telomere clustering
Nuclear or telomere redistribution in mouse and rye meiosis were found to be sensitive to colcemid, a colchicine derivative that dissociates MTs and damages the meiotic NE [14, 15] . In plants, it seems that specialized MTs may be required for telomeres to cluster [15] . In animals, it is currently not known whether colchicine-mediated nuclear motility defect [14] affects telomere redistribution. In budding yeast meiosis, MT drug treatment only moderately reduced meiotic telomere clustering [12] but MT-related functions are required to finetune telomere cluster duration [16] . In fission yeast meiosis, nuclear mobility depends on MTs [17] . The observations above suggest that the MT cytoskeleton contributes to nuclear and telomere motility in a species-specific manner.
Actin drives telomere clustering in budding yeast meiosis
Live cell imaging of live Saccharomyces cerevisiae meiocytes with Rap1-GFP (green fluorescent protein)-tagged telomeres recently revealed that leptotene telomeres undergo undirected oscillating long-range movements along the nuclear periphery. Telomere movements become restricted to a limited sector of the NE by actin polymerization [12] . Telomere clustering persists in the absence of the meiotic scRec8 cohesin (Figure 2 ), while the cluster detaches from the SPB (spindle pole body; the fungal MTOC) in this condition. Restoration of these defects by expression of the Sec1/Mod1 mitotic cohesin in rec8 meiosis suggests that cohesin function is required for telomere cluster-SPB interaction [12] . Telomere mobility is still seen within the telomere cluster of bouquet-like nuclei of rec8 meiocytes ( Figure 2D ), indicating that telomere mobility, which is undirected in leptonema, becomes restricted to a limited sector of the bouquet-stage nucleus. Inhibition of actin polymerization by LatB (Latrunculin B) treatment instantly induces telomeres to disperse over the entire NE ( Figure 1D ) [12] , highlighting the great range of telomere mobility in early prophase I. Since telomere mobility still occurs in ATPdepleted rec8 and wild-type meiocytes (C. Adelfalk and H. Scherthan, unpublished work), it is likely that the undirected movements of meiotic telomeres are Brownianlike. It appears that NE attachment is required to restrict telomere mobility to two dimensions and that the range of mobility is restricted to a small sector of the meiotic NE by actin polymerization. The latter is considered to act as an efficient molecular motor when it forms short, branched filaments in the range of 100-150 nm [18, 19] . Branching and pushing microfilaments could drive telomeres to the cluster site. It is currently not known whether cytoplasmic and/or nuclear actin contributes to telomere clustering. Cytoplasmic actin could act on the fibrillar extensions that span the NE and emanate into the cytoplasm opposite to telomere attachments (see [4] and references therein). Nuclear actin, on the other hand, which associates with chromatin remodelling and transcriptional complexes and the nuclear lamina (reviewed in [20, 21] ) could also play a role in these movements, and also in the repositioning of intranuclear telomeres to the NE, which is seen at the onset of prophase I in animals and some plants [22, 23] . Recently, it was found that actin contributes to the maintenance of the morphology of the huge frog oocyte nucleus that maintains its shape by an intranuclear actin network [24] . However, the yeast bouquet nucleus lacks distinct amounts of F-actin ( Figure 2C ), but the nucleus collapses after prolonged incubation with the actin inhibitor LatB (C. Adelfalk and H. Scherthan, unpublished work), suggesting that actin may contribute to maintenance of meiotic nuclear morphology in this species too. Since nuclear movements in rat meiosis were not affected by the actin inhibitor cytochalasin B [14] , it will be important to investigate whether the role of actin in meiotic telomere dynamics is conserved in other species.
Meiotic telomeres and homology search
It has long been assumed that telomere clustering in synaptic meiosis supports homologue search and pairing (e.g. [6, 25] ). Interestingly, inhibition of bouquet formation by interference with actin polymerization significantly delays pairing of homologous chromosome regions [12] as does deletion of the meiotic telomere protein scNdj1/Tam1 [26] . Increased ectopic recombinational interactions in bouquet-deficient fission and budding yeast meiosis suggest that telomere clustering reduces the complexity of homology searching [27, 28] . Homology recognition in many species requires the formation and processing of DNA DSBs (double-strand breaks) (reviewed in [29] ). Budding yeast meiocytes lacking the Rec8 cohesin and DSBs (rec8 spo11 ) fail to undergo homologue pairing despite enduring telomere clustering [12] , which underlines the importance of DSBs for homology recognition and pairing. Telomere clustering, on the other hand, seems to create a favourable nuclear topology that instigates homology testing and recognition, probably by the extensive movements of chromosomes in leptotene and at the crowded place of the bouquet base. Because of the possibility of intimate chromatin interactions, it will be attractive for the cell to co-ordinate the appearance of telomere clustering and presence of DSBs. Indeed, telomere mobility is intense when chromosomes receive DSBs in leptonema and telomere clustering becomes tight during early zygonema when meiotic chromosomes probably carry resected DSBs [6] .
Regulation of telomere clustering
In somatic cells, DNA repair involves the ATM (ataxia telangiectasia mutated), ATR (ataxia telangiectasia-related) and DNA-PK (DNA-dependent protein kinase) kinases that are central to the somatic DNA damage surveillance machinery [30] . Male mice that lack the Atm kinase are infertile and meiosis is arrested in prophase I [31] [32] [33] . Besides other defects, Atm −/− spermatogenesis displays enduring telomere clustering [34] , as do Spo11 mutants of Sordaria and budding yeast [35, 36] . Atm −/− Spo11 −/− double mutant mice, however, display greatly reduced bouquet frequencies relative to Atm −/− spermatogenesis (H. Scherthan, C. Adelfalk and B. Liebe, unpublished work), suggesting that DSBs trigger delayed bouquet exit in the absence of Atm, suggesting that Atm regulates telomere cluster exit. Mice deficient of histone H2a.x, a downstream target of Atm [37] , also feature elevated bouquet frequencies [38] , which suggests that chromatin state is also important for regulation of telomere clustering. In S. cerevisiae, telomere clustering is inhibited by the Mec1 kinase when telomeric heterochromatin is compromised [39] , suggesting that Mec1, which is homologous with the mammalian ATM-related ATR kinase, is involved in regulating the onset of meiotic telomere dynamics, possibly in response to defects in chromatin and DSB formation [40] . It will be interesting to investigate these features in greater detail and in other species.
In summary, it appears that meiotic telomere/NE attachment in most of the sexually reproducing species sets the stage for chromosome and nuclear prophase I movements that increase the efficiency of homology searching, probably by promoting DNA-DNA interactions. Transient clustering of telomeres may also facilitate recombinogenic telomeretelomere interactions [41] and stabilize meiotic chromosomes by restricting chromosome movements when these carry DSBs.
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